Abstract: Bio-fuels are proved to be very good substitutes for the existing petroleum fuels. Blends of biodiesel extracted from Tamanu oil (B100, B80, B60, B40, and B20) along with induction of biogas with constant mass flow of 2.313 * 10 -5 kg/s are used for conducting performance and emission analysis. The tests are carried out at 0%, 25%, 50%, 75% and 100% load conditions. Among the blends B20, B40 and B100 have shown a better performance with respect to brake thermal efficiency, mechanical efficiency and specific fuel consumption. All blends show reduction in HC when compared to diesel. But NO x emission increases with increase in load. But, CO has slightly increased for the induction of biogas compared to the diesel at all load conditions. Experimental investigations show that blending of Tamanu oil methyl esters along with biogas can be used in diesel engine without any modification and also it reduces the harmful emissions.
Introduction
Energy is one of the important crucial things required for economic growth, human development and for improving life style. Nowadays, demand for energy is going beyond the limits and it is not possible to control it in future. Because of that, the price of petroleum products is also escalating. In order to relieve those things we are in need of best alternative to petroleum products. Out of many alternate fuels, one best solution is using of oils from plants (Bawane et al., 2014) . Recently, the world is caught between two undesirable factors, i.e., depletion of fossil fuel and environmental degradation. Use of low emission fuel may be a solution to overcome the said problems faced recently. The best alternative is mono alkyl esters of fatty acids called biodiesel. Biodiesel is a more oxygenated compound and it makes complete combustion. The biodiesel has lower volatility because of its higher molecular weight (Ong et al., 2014) . Usage of vegetable oils in conventional diesel engines results in higher brake thermal efficiency (BTE), lower specific fuel consumption (SFC) and reduction in emissions such as HC, CO and CO 2 , but the NO x is slightly higher than the convention diesel fuel. So it may be used as substitute for diesel fuel and it helps for reducing the environmental impact of the fossil fuels (Balamurugan et al., 2013) . The power output of the conventional engines fuelled with biodiesel was found to be similar to that of diesel fuel. And also performance and combustion characteristics are same as like diesel fuel (Basha et al., 2009) . In general, an enhancement in combustion and emissions characteristics except oxides of nitrogen were obtained in the biodiesel when compare to the diesel, with small reduction in BTE (Anand et al., 2011) . The use of waste cooking oil methyl ester in conventional unmodified direct injection diesel engine results in higher brake SFC due to low calorific value. Further, biodiesel blends shows reduction in exhaust emissions except NO x compared to diesel fuel. Overall combustion characteristics of biodiesel blends are found to be quite similar to that of conventional diesel fuel (Anand et al., 2010) .
Biodiesel (edible oils versus non edible oils)
In future, the demand of biodiesel is expected to increase due to rapid depletion of fossile fuels and enhancement of vehicle transportation. Many of the researches in the world are curious in developing the biodiesel sources like edible and non-edible oils. But the edible oil source may not be a suitable and sustainable source for biodiesel production that would create food scarcity. Besides, most of the non-edible plants have greater potential to grow in wasteland and does not compete with food crop cultivating regions. This proves the need to use non-edible oil seeds that can be the reliable, sustainable and potential source for biodiesel production (Kumar, and Sharma, 2011) . Biodiesels are generally called as alkyl esters of long chain fatty acids and it is an attractive substitute fuel for conventional diesel fuel, since it is eco-friendly and can be synthesised from both edible and non-edible oils. A huge variety of non-edible oil sources like as jatropha, microalgae, neem, karanja, rubber seed, mahua, pongamia, etc., can be considered in biodiesel production. Due to its economic feasibility, non-edible oils are mainly used as biodiesel in developing countries (Demirbas, 2009) . Production of biodiesel from non-edible oil resources plays an essential role in serving to prevail over the land problem as its can be grown-up in waste land areas for proper utilisation and obtain some yield. Furthermore, the question of food versus fuel for edible oil sources will build non-edible oil feedstocks as substitute fuels for diesel engines. As a result, the need for non-edible oil sources is anticipated to boost harshly in future. So, there may be a massive chance to produce biodiesel from non-edible oil sources (Atabani et al., 2013) . In this work, we use the species calophyllum inophyllum (Tamanu oil, the name called in south India) which is grown mostly in the coastal regions of India, Indonesia, Philippines and Malaysia. It basically falls under a cluster of coastal species that grows on sandy beaches and along river margins. The fruit is normally either white or white to yellowish in colour and it is in round single seeded with 2-4 cm in diameter (Sahoo et al., 2007) . The engine performance is improved with significant reduction in emissions for the Tamanu oil without any engine modification. It also increases the BTE, volumetric efficiency of the VCR engine. When load increases the exhaust gas temperature, emissions are not much varied, which also proved that the Tamanu oil can used as a substitute for the VCR engine without any engine modification (Raj and Kandasamy, 2012) .
Biogas as an induction fuel
In order to improve performance and reduction in emissions, biogas is used as an inducted fuel (i.e., secondary fuel) in convention diesel engines. Biogas can act as a potential alternative fuel, particularly for conventional diesel engines by substituting significant quantity along with diesel fuels. In dual cycle mode, BTE was lowered because of lower burning velocity of biogas. Emissions like CO and HC are increased due to higher carbon content in biogas and at the same time NO x emission decreases for biodiesel and biogas mode because of oxidation reaction (Banapurmath et al., 2008) . Significant reduction in NO x and soot emissions were observed in dual fuel operation for both pilot fuels (diesel and biodiesel) compared to the single-fuel mode under all test conditions (Yoon, and Lee, 2011) .
From the literature, it is concluded that the biodiesel especially from the non-edible sources is the potential alternative fuel for conventional diesel fuel engine without any modification. Compare to diesel, biodiesel shows better combustion and performance characteristics and significant reduction in emissions except NO x . The biogas exhibits greater resistance to the knock phenomenon which results in reduction of NO x emissions. In addition, the carbon content of biogas is also comparatively lower than the conventional diesel fuel, resulting in a significant decrease in exhaust emissions. Due to these advantages, use of gaseous fuel in diesel engines in dual fuel concept is recommended. Biogas-biodiesel dual-fuel combustion is a promising regime of the compression ignition (CI) engine combustion that offers possible solution for substantial reductions in NO x emissions and smoke, whereas still providing high thermal efficiency.
Objective of the paper
The primary objective of the paper is to study the performance and emission characteristics of diesel -biodiesel blends along with biogas as inductive fuel in CI engine. The next one is synthesis of biodiesel from non-edible oil say Tamanu oil (calophyllum inophyllum) which is a possible source for future energy demand.
Likewise biogas extracted from the industrial waste contains CH 4 and exhibits greater resistance to the knock phenomenon and helps for combustion. The main objective of using biogas is that it results in decreased level of NO x and smoke. Due to these parameters, the biogas is inducted directly during the intake process and then mixed with fresh air prior to the intake manifold.
Experimental methodologies

Procedure for biodiesel production
Oil extraction
To extract the oil from the kernel seed, two methods have been adopted, one is mechanical extraction using screw press and another one is chemical oil extraction (Jahirul et al., 2013) . Unlike most vegetable oils, Tamanu oil is not present in fresh ripe fruits. It forms in the course of the nuts desiccation. Sufficient amount of seeds needed is to be collected in order to extract oil from the seed for biodiesel production. After collection, dry the seed for 10-15 days in daylight without exposure to the moisture. During the desiccation process, a kernel becomes loose and reduces its weight. They become brownish, develop an aromatic odour and increase their oil content. In this present work, seeds to be placed in the screw press for mechanical extraction. The extracted oil is dark green in colour which is used as feedstock for the biodiesel production in this work.
Production methods
Different approaches like supercritical process, chemical oil extraction process or soxhlet oil extraction, pyrolysis or thermal cracking, ultrasonic reactor method, enzyme-catalyzed method, acid and alkaline transesterification method and Ultra and high-shear in-line method are accessible for production of biodiesel from preparation of the feedstock to the purification of the esters (biodiesel) and the co-product. Compare to other methods transesterification was widely accepted by the previous researchers because it yields high conversion with negligible side reactions and reaction time. And also it is a direct conversion to biodiesel with no intermediate compounds. Low temperature and pressure is required to carry out the reaction and no exotic materials of construction are needed. This is the most successful method for producing biodiesel by reducing the viscosity of oil and makes the properties to meet the ASTM D 6751.
Transesterification
Transesterification is the chemical process of breaking of the oils into alcohol esters and glycerol in the presence of alcohol and catalyst. The esterification process parameters mainly depend on the quality of the oil, especially free fatty acid (FFA) content of the oil. If the FFA content is more than 4%, two-stage esterification (acid and alkaline esterification) is needed (Venkanna and Venkataramana, 2009 ). The extracted oil contains FFA content of 18% (36 mg KOH/g). Therefore, two stages of procedure are adopted here. The esterification arrangement consists of two ways round bottom flask to carry out the reaction; a magnetic stirrer with heater for continuous heating and stirring, water cooled condenser is used to restrict the evaporation of methanol during the heating process carried out in the two ways round bottom flask. The two ways round bottom flask is partially immersed in the bowl containing water, to constantly distribute the heat to the flask. The arrangement is provided with necessary instrument for maintaining the stirrer speed and temperature of the water. External water supply is provided for condenser to continuously cool the evaporated methanol from oil which is shown in Figure 1 . 
Acid esterification
High FFA oil was converted to triglycerides in acid esterification process with methanol using anhydrous H 2 SO 4 (acid catalyst). The oil is heated at 50°C-55°C in a standard flask. Required quantity of methanol is taken and measured quantity of anhydrous H 2 SO 4 is dissolved in it. The mixture is continuously stirred at constant speed keeping temperature constant at 60°C for 2 hours and is not allowed to go above 60°C to avoid methanol loss. The mixture after heating and stirring for required time is transferred to a separating funnel and kept for settling. The fatty ester is separated after natural cooling. On settling, the excess methanol forms the top layer and diglyceride remains as the bottom layer. In Figure 2 , the top layer is removed and diglyceride is collected. The bottom layer was used for the alkali transesterification.
Alkaline esterification
At second level, the separated oil from the separating funnel has to undergo transesterification. Sodium methoxide (methanol + sodium hydroxide) is added with the above ester and heated to 60°C. The same temperature is maintained for 1 hour with continuous stirring, and then, it undergoes natural cooling. After the reaction, the glycerol is separated from the methyl esters. Due to the low solubility of the glycerol esters, their separation can be accomplished easily and quickly using a separating funnel. The amount of methanol that has not reacted, acts as a solvent thereby delaying the separation of glycerol and methyl ester. However, excess methanol is usually not removed from the reaction stream until a complete separation of glycerol and methyl esters has been achieved, which is shown in Figure 2 . Glycerol settled in the separating funnel removed and remaining product moved to next stage for water wash. 
Need for water wash
However, some alcohol, catalyst and soap remain suspended throughout the biodiesel after the transesterification is complete. Water in biodiesel can lead to biological growth as the fuel degrades. Unreacted methanol in the biodiesel fuel can result in fire or explosion and can corrode engine components. Because the methanol and catalyst are chemical bases, unwashed biodiesel is caustic and may damage diesel engine components. Soap is not a fuel and will reduce fuel lubricity and cause injector coking and other deposits. The water wash can be done repeatedly till the water reaches the pH 7. The FFA content of the final biodiesel is around 1.2% (2.4 mg KOH/g) which is determined by titration.
Biodiesel characterisation
The quality of oil is expressed in terms of the fuel properties such as FFA, acid value, viscosity, density, fire point, flash point, iodine value, and calorific value and saponification value. The physical and chemical properties of the Tamanu oil, neat biodiesel (B100) and its blends were tested. These tests were carried out as per American Society for Testing and Materials (ASTM) and other standard procedures in our thermal engineering laboratory. The results obtained in the present study show that the transesterification process enhanced the fuel properties of the ester with respect to density (kg/m 3 ), calorific value (kJ/kg), viscosity (cSt), flash point (°C), cloud point (°C) and pour point (°C). The above property of ester is compared with diesel show that they are relatively close to each other which is similar to previous literature (Sahoo and Das, 2009) . The calorific values of the biodiesel and their blends are slightly lower than diesel, whereas calorific values of biodiesel and biogas blends are still higher than that of diesel because biogas has higher heating value than atmospheric air. Table 1 shows the properties of biodiesel and its blends. 
Experimental testing unit and procedure
In this present work, performance and emission studies were carried out on four-stroke single cylinder direct injection water cooled CI engine at different loading conditions. The engine was operated at a rated speed of 1,500 rev/min, stroke 110 mm, bore 87.5 mm, 661 cc, and compression ratio of 17.5 and rated power is 5.2 kW. The engine has a conventional fuel injection system. The injection nozzle has three holes of 0.3 mm diameter with a spray angle of 120º. The test rig is provided with Piezo sensor to measure the engine cylinder online pressure, crank angle encoder to measure crank angle position, RTD to measure temperature at different points and the engine performance analysis software package (Engine Soft) has been employed for online performance analysis.
The air inlet manifold of the engine is modified in such a way that the biogas is inducted at the curvature or bend region of the manifold so that the biogas entering with some velocity easily mixes with the air coming into the manifold. A two-sided threaded coupling is brazed in the manifold to prevent the leakages at any time. The coupling is threaded or screwed up with a gas tight ball valve so that the flow of the biogas is adjusted. The biogas collected from the starch industry was filled in the large plastic tube and taken to laboratory. The further connection from the ball valves is the orifice meter to maintain the constant mass flow rate of about 2.313 * 10 -5 kg/s. The schematic representation of experimental arrangement is shown in Figure 3 . 
Results and discussions
Performance analysis
The tests were conducted with neat diesel oil, neat biodiesel (B100) and its blends B20, B40 B60, and B80 (80% biodiesel + 20% diesel). The same above combination is repeated along with induction of biogas at inlet manifold to measure performance characteristics such as BTE and SFC by varying load on the engine from 0% to 100% in steps of 25%.
Brake thermal efficiency
The variation of BTE vs. loads for various proportions of pure diesel, biodiesel, biodiesel along with biogas are shown in Figure 4 . It is observed that all biodiesel blends except B20 has lower BTE compared to the diesel, but B20 has values close to the diesel at all loading conditions. The power loss is mainly due to higher viscosity, difficulties in fuel atomisation, density and lower heating value when we move on the higher biodiesel blends. But on the other hand, biodiesel blends with biogas shows higher BTE than diesel at higher loads. It is about B100+ biogas is 1.51% higher than diesel. The slight increase in efficiency is due to increase in heating value of mixture and higher oxygen (O 2 ) content in biodiesel when reacted with hydrocarbon in biogas, which leads to faster combustion following pre mixed combustion phase. 
Specific fuel consumption
From Figure 5 , it is observed that B100 and B80 have higher SFC of about 0.31 * 10 -4 kg/kWh at 80% load. B20+Biogas, B80+Biogas have the lower SFC of about 0.25 * 10 -4 kg/kWh at 80% load. SFC of B80+Biogas is 3.84% lower than diesel. Compared with diesel, biodiesel blends has higher SFC than diesel and biodiesel-biogas blends has lower SFC than diesel. The increase of the SFC of the biodiesel is due to higher densities and lower calorific values, so it requires huge amount of fuel flow for the same power output from the engine, and compensates the reduced chemical energy in the fuel (Liaquat et al., 2012) . 
Emission analysis
The engine exhaust emissions such as unburned hydrocarbon (UBHC), nitrogen oxides, carbon dioxide (CO 2 ), carbon monoxide (CO) and O 2 were measured with a five gas analyser (AVL 444 light model) and a smoke-meter (AVL 437 model). The suction probe of the analyser was exposed to the exhaust gas pipeline and the observations were recorded.
Oxides of nitrogen emission (NO x )
Many researches proved that the use of biodiesel in diesel engine has resulted in higher NO x emission compared to diesel fuel. Higher cetane number, higher O 2 content of biodiesel results in shortening the ignition delay and thus advance in combustion leads to higher NO x emission (Xue et al., 2011) . The biodiesel and its blends produce larger amount of NO x emission compared to the diesel at higher loads due to higher O 2 content. The use of biogas would result in reduced NO x compared to diesel and biodiesel. At 80% load the NO x emission is higher for biodiesel blends and diesel which is above 1,000 ppm. From Figure 6 , it is observed that there is sudden decrease in NO x at 80% load. This is due to the oxidation reaction between hydrocarbon in biogas and O 2 in biodiesel taking place effectively. Compared to diesel, the B20+Biogas and B100+Biogas have lower NO x at 80% load. Percentage decrease of NO x between diesel and B20+Biogas, B100+Biogas is 23.15%, 20.91% respectively. The absence of organic nitrogen in biogas results in lower NO x for biodiesel and biogas blends, because biogas replaces the quantity of atmospheric air which contains nitrogen. 
UBHC emission
Decreased UBHC emissions clearly show that the combustion in the engine takes place homogeneously. From Figure 7 , it is very clear that increasing the blend percentage of Tamanu oil decreases the UBHC emissions. All blends have shown stable UBHC emissions after about 80% load except B80+Biogas. This may be due to higher O 2 content as well as the higher cetane number. The use of biodiesel with biogas at lower load is not recommended because of higher UBHC percentage, addition of biogas with incoming air significantly reduces the O 2 content in the incoming air, which results in incomplete combustion. When compared to diesel with biogas, the UBHC for biodiesel with Biogas is lower at all load conditions. This is due to the utilisation of O 2 content of biodiesel by the biogas. Percentage decrease of UBHC between Diesel with Biogas and B100+biogas is 28.12%. At lower loads, the mixture being leaner, results in greater degree of incomplete combustion and it leads to higher UBHC for biodiesel and biogas mixture. 
CO 2 emission
The variations of CO 2 at different loads for various blends are shown in Figure 8 . Higher amount of CO 2 is an indication of complete combustion (Muralidharan, and Vasudevan, 2011) . The test measurement reveals that at all loads the CO2 emission for all biodiesel blends is higher compared to biodiesel with biogas. This is due to higher O 2 content in biodiesel which leads to better combustion. The rising trend of CO 2 emission with increase in load is due to the higher fuel entry. CO 2 is higher when B40 is used and lower when B20+Biogas are used. In the case of biodiesel and biogas mixture CO 2 emissions are lower when compared with diesel and biodiesel which indicates incomplete combustion. This is due to leaner mixture at low loads. Hence the decrease of CO 2 is 11.11% when compared between diesel and B20+Biogas. At higher loads, the difference in CO 2 emission between the two combinations is 2.8%
CO emission
Higher concentration of CO in the exhaust is a clear indication of incomplete combustion. The higher levels of CO are due to combustion inefficiencies (Banapurmath et al., 2008) . CO emission is lower for biodiesel blends about less than 0.05% except at higher load. CO emission is lower in biodiesel blends which are probably due to higher O 2 availability in the fuel and results in complete combustion. In Figure 9 , it is noted that all biodiesel and biogas blends shows higher CO emissions compare to diesel and biodiesel blends. The combination of biogas and air flow to the engine reduces the quantity of O 2 required for complete combustion and this creates incomplete combustion and increase in the CO emissions. At lower loads, incomplete combustion takes place because of leaner mixture and results in higher CO concentration. This puts limitations for dual fuel operation at lower loads. Figure 10 shows the variation of O 2 with load for diesel, biodiesel blends and biodiesel with biogas blends. Generally, the O 2 present in the biodiesel is higher. This O 2 in addition to O 2 from the intake air take part in the combustion then surplus O 2 is exhausted. The O 2 percentage in the exhaust gas for the neat biodiesel operation is low which indicates that more amount of O 2 participates in the combustion process to release heat energy. The increase of O 2 content for dual fuel operation is due to inferior combustion compared to the biodiesel blends. 
Oxygen
Opacity
Opacity is a measurement of how dense the dust particles are in the air and takes into accounting how much light is obscured by the rising dust when looking at a solid, colour background. Opacity is measured in percentages from 0 to 100 percent, and measurement is actually performed by visible observation. When there is no visible smoke, the opacity is 0 percent, meaning all of the light is able to pass through. The opacity of smoke for various blends is graphed in Figure 11 . From the graph, the opacity of smoke is higher for biodiesel blends and lower for Biodiesel along with Biogas. Diesel stands between the two combinations. Hence the transparency of biogas integrated system is higher compared to diesel which certifies that smoke emitted from engine has low opacity. The smoke opacity was lower for biogas-biodiesel dual fuel operations compared to biodiesel operations. The heavier molecular structure of biodiesel compared to diesel results in higher smoke levels in biodiesel operation. However, in biodiesel-biogas dual fuel operation lower levels of smoke were obtained due to better atomisation of injected fuel leading to better combustion. The smoke opacity of biodiesel blend is between 62%-93%, but in biodiesel-biogas dual fuel operation the value is between 50% to 55% at maximum load.
Analysis of uncertainty
In measuring any parameter, the results will constantly differ from the factual value even with suspicious experimentation. This error in measurement may be either random or systematic. By adding a correction value, the systematic error can be eliminated. Random error can only be predictable statistically and cannot be predicted in advance. Its presence can be detected only when the same parameter is measured again and again under the similar conditions and with the proper attention (Varuvel et al., 2012) . The magnitude of the error can be found by the principle of root sum-square method. The estimated uncertainty values at different operating conditions are BTE: 0.8%-1.7% and SFC: 0.6%-1.8%.
The sensitivity of the various instruments used in this experimental study is given in Table 2 . 
Conclusions
In this work, the engine performance and emissions of using biodiesel blends and biogas with biodiesel blends were investigated and compared with standard diesel fuel. Engine BTE for biodiesel blends were lowered when compared to diesel fuel. This is mainly due to the respective lower heating values of biodiesel. However, BTE of biodiesel and biogas blends were higher than diesel fuel. The mixing of biogas along with intake air results in raising the heating value of fuel in dual mode compared to single mode. Biodiesel blends have higher SFC than diesel, but a biodiesel and biogas blends has lower SFC than diesel. The increase of the SFC of the biodiesel is due to higher densities and lower calorific value. Increased heating value of biodiesel and biogas blends in dual fuel mode results in lower SFC. In the case of engine exhaust emissions, reduction in HC, CO and O 2 were found for biodiesel blends when compared to diesel. This is due to higher availability of O 2 content in biodiesel, whereas NO x emission for biodiesel blends are higher compared to diesel fuel. Biodiesel produce better results except NO x . It is noted that reduction in NO x , CO 2 , opacity and increase in HC, CO and O 2 were obtained in biodiesel and biogas blends. The combination of biogas and air flow to the engine reduces the quantity of O 2 required for complete combustion and this creates incomplete combustion. At 75% load, all the emissions from biodiesel and biogas blends were close to the diesel.
In comparison with diesel fuel, biodiesel blends have lower BTE and higher SFC, biodiesel and biogas combinations shows better BTE and lower SFC. The variation is due to heating value, higher densities and O 2 content of biodiesel. Addition of biogas results in incomplete combustion at part loads, because combination of biogas and air flow to the engine reduces the quantity of O 2 . It is observed that, the performance and emission characteristics of all blended fuels are similar to the diesel fuel at 75% loading. Finally, all the combinations were suitable only at 75% of load which shows better combustion.
